Abstract. Colorectal cancer is one of the leading causes of cancer-related death worldwide. Molecular biomarkers could help to predict patient outcome and to identify patients who benefit from adjuvant therapy. Pontin and Reptin are ATPases which are involved in transcriptional regulation, DNA damage repair and regulation of cell proliferation. Many interaction partners of Pontin and Reptin such as β-catenin and c-myc are important factors in carcinogenesis. We hypothesized that Pontin and Reptin expression may be a negative predictor for survival in colorectal carcinoma. Specimens from 115 patients with primary colon adenocarcinomas UICC stage III and primary rectal adenocarcinomas UICC stage II and III curatively resected at the Department of Surgery, Charité Berlin, were evaluated. Clinical follow-up data were complete and mean follow-up time of patients was 51.8 months. We evaluated the expression of Pontin, Reptin and Ki-67 by immunohistochemistry. Patients with Pontin-positive carcinomas showed no differences in recurrence-free survival (P=0.109) and overall survival (P= 0.197). There were no differences in Reptin-positive carcinomas and Ki-67-positive carcinomas in recurrence-free survival (P=0.443 and P= 0.160) and overall survival (P=0.477 and P=0.687). Patients with Pontin-positive colorectal carcinomas receiving adjuvant therapy had a significantly worse recurrence-free survival (P=0.008) and overall survival (p= 0.011) than Pontin-negative patients with adjuvant therapy. In UICC stage III, Pontin-positive colorectal carcinomas had a significantly worse recurrence-free survival (P= 0.028). Pontin-positivity seems to be a negative predictor for response to adjuvant therapy in colorectal cancer patients and may help to identify patients with adverse outcome in advanced tumor stages.
Introduction
Colorectal cancer is the third most common cancer in both genders in the Western world (1). The 5-year survival rates reported for patients with stage II and III colorectal cancer vary between 92 and 67% (SEER Cancer Statistics). Patients with UICC stage III carcinomas will benefit from adjuvant chemotherapy in only 5-15% and many patients who undergo adjuvant therapy will be overtreated (2, 3) . Colorectal cancer is considered relatively resistent to chemotherapy (4) . Various chemotherapeutic approaches have only led to a moderate decline in mortality. Therefore, additional parameters such as molecular biomarkers are needed to predict which patients will benefit from adjuvant treatment.
Pontin (also called RuvBl1 and TIP49a) and Reptin (also called RuvBl2 and TIP49b) belong to the family of AAA+-ATPases (ATPases associated with various cellular activities). The Pontin gene is located on chromosome 3q21, while the Reptin gene is located on chromosome 19q13.3 (5, 6) . Pontin and Reptin are normally coexpressed and frequently share common binding partners. They are associated with several types of high molecular weight complexes involved in many cellular activities such as transcription regulation, chromatin remodeling, DNA damage repair and regulation of cell proliferation (7, 8) .
Numerous Pontin and Reptin interaction partners have known roles in cancer (8) . Pontin and Reptin modulate the transcriptional activities of the oncogene β-catenin. By directly binding to β-catenin, Pontin enhances the transcriptional activity of the TCF/LEF-1/β-catenin-transcription complex and the transcription of target genes such as cyclin D1, c-myc, and VEGF-A which may promote tumor progression and metastasis (5, 6, 9) . It was shown by reporter gene assays that the two proteins behaved antagonistically, with Pontin enhancing, and Reptin repressing TCF/LEF-1/β-catenin transcriptional activity (6, (10) (11) (12) . Reptin also cooperates with β-catenin in suppressing the expression of the anti-metastatic gene KAI-1 (13 Pontin and Reptin directly bind the c-myc oncogene (14) (15) (16) . All the reported effects favor c-myc oncogenic effects. Interaction leads to growth promotion through transcriptional repression of the growth inhibitory p21 gene (14) , to defects in cell adhesion (16) , or to repression of tumor suppressor genes (17) .
Reptin and Pontin have been implicated in DNA repair. They are both members of the Tip60 histone acetyltransferase complex. Tip60 plays multiple roles in DNA damage response (18) and is involved in DNA damage-induced apoptosis (19) . Pontin seems to be required for Tip60 activity after DNA damage (20) .
Pontin also seems to act as an anti-apoptotic factor. A dominant-negative mutant of Pontin without ATPase activity potentiates the apoptotic activity of c-myc (21) . It was shown that the knockdown of Pontin or Reptin in HCC cells led to spontaneous apoptosis (22) . Altogether, Pontin and Reptin favor cell proliferation and inhibit apoptosis, properties well in line with their supposed roles in cancer.
Taken together, Pontin and Reptin interact with many established actors of carcinogenesis and they are both involved in processes that favor tumor progression.
Ki-67 is a nuclear protein that is associated with cellular proliferation and ribosomal RNA transcription (23) . The Ki-67 protein is a cellular marker for proliferation (24) . is present during all active phases of the cell cycle (G 1 , S, G 2 , and mitosis), but is absent from resting cells (G 0 ). Ki-67 is not an independent predictor of outcome in colorectal cancer (25, 26) . Ki-67 expression as a marker of cell proliferation was evaluated to rule out the epiphenomenon that a potential Pontin or Reptin overexpression is just a sign of enhanced cell proliferation in tumors.
We showed before in 34 patients that Pontin expression is higher in colorectal carcinoma than in normal colorectal mucosa (27) . An association of Pontin and Reptin expression with the prognosis of colorectal cancer patients and response to adjuvant therapy was not reported before.
Here, we report the expression of Pontin, Reptin and Ki-67 on the protein level in a prospective cohort of patients with colorectal carcinomas stage II/III and evaluate the prognostic significance as well as the influence on the outcome after adjuvant therapy.
Patients and methods

Study population and tissue samples.
In this study, specimens from 115 patients with curatively resected colorectal carcinomas at the Department of Surgery, Charité Campus Benjamin Franklin, Berlin, between 1995 and 2001 were evaluated. Elective surgery was performed according to standardized procedures for CRC with systematic lymphadenectomy and total mesorectal excision for carcinomas of the rectum. Representative samples from the resected colorectal cancer tissue and normal tissues were paraffin-embedded and formalin fixed for routine work up in the Department of Pathology, Charité Campus Benjamin Franklin, Berlin.
Only patients with primary colon adenocarcinomas UICC stage III and primary rectal adenocarcinomas UICC stage II and III and no other known malignancies and no preoperative radiochemotherapy were included. The tissue specimens consisted of 37 colon carcinomas and 78 rectum carcinomas as well as adjacent normal mucosa. Tissue samples were fixed in 4% neutral buffered formaldehyde, embedded in paraffin and histopathological evaluation was performed on standard hematoxylin and eosin sections.
The stage of tumors was assessed according to the UICC staging system. Tumor differentiation was determined according to the WHO guidelines. For all patients a minimum of 12 lymph nodes were investigated. Clinical follow-up data were available for all patients. The mean follow-up time of patients was 51.8±2.5 months.
Data on postoperative chemotherapy are known from 113 patients and on radiotherapy in 112 cases. Patients were treated according to the guidelines of the German Cancer Society at that time. Thus, patients with colon cancer UICC stage III were administered chemotherapy (5-FU/folic acid). Postoperative radiochemotherapy (5-FU/folic acid and radiation doses of 45 Gy) was administered to patients with rectal carcinomas in UICC stage II and III.
Immunohistochemistry. For immunostaining of paraffinembedded tissues, 4 µm thick sections were cut, deparaffinized, and subjected to a heat-induced epitope retrieval step. Endogenous peroxidase activity was blocked with 1% (v/v) hydrogen peroxide in distilled water. To block unspecific binding, the sections were incubated with 1X PowerBlock (BioGenex Inc., San Ramon, CA, USA) for 5 min. Subsequently samples were incubated with Protein A-Sepharose purified mouse monoclonal anti-Pontin (5G3-11) antibody (generated in our laboratory) (0.44 mg/ml) diluted 1:100 in PBS for 30 min at 37˚C. The immunohistochemistry for Reptin was done analogously with mouse monoclonal anti-Reptin (E9-5) antibody 1.8 µg/ml diluted 1:50 in PBS for 30 min at 37˚C. For Ki-67 staining, monoclonal mouse anti-human Ki-67 antibodies (Isotype IgG1 kappa, clone MIB-1; Dako, Hamburg, Germany) were detected using the streptavidin biotin-alkaline phosphatase method with Fast Red as chromogen according to the manufacturer's recommendations (Dako), using an automated immunostainer (TechMate 500; Dako).
Sections were analysed by standard light microscopy using a Zeiss Axioskop (Carl Zeiss, Jena, Germany). Stained tumor cell nuclei were counted and semi-quantitatively evaluated. The immunoreactivity of Pontin and Reptin was categorised in negative expression (<10% stained tumor cell nuclei) and positive expression (≥10% stained tumor cell nuclei) in 115 sections. The immunoreactivity of Ki-67 was categorised in negative expression (<30% stained tumor cell nuclei) and positive expression (≥30% stained tumor cell nuclei) in 69 sections. For each analysis, a minimum of five high power fields (HPF) (0.237 mm 2 ) were analysed and the mean percentage of nuclear staining was noted. All slides were evaluated independently by an experienced pathologist (S.E.) and the first author (J.C.L.), who were blinded to patient outcome. There were only minor discrepancies in the evaluation. Discordant cases were re-evaluated on a multi-head microscope until a final decision was reached.
Statistical analysis. The statistical significance of the association between Pontin, Reptin and Ki-67 as well as clinico-pathological parameters was assessed by Fisher's exact test. The probability of overall survival as a function of time was determined by the Kaplan-Meier method. Differences in survival curves were compared by the log-rank test. Generally, P-values <0.05 were considered significant, hazard ratios are reported with 95% confidence intervals. For the statistical evaluation IBM SPSS Statistics 18 (Armonk, NY, USA) was used.
Results
Clinical and pathological characteristics of colorectal carcinomas. Colorectal carcinoma specimens from 115 patients were investigated for immunoreactivity of Pontin, Reptin and Ki-67. The mean age of patients at surgery was 64 years (range, 38-89 years). There were 48 female and 67 male patients. The majority of tumors were diagnosed in tumor stage pT3 (88 cases; 76.5%). Most carcinomas (60 cases; 52.2%) were poorly differentiated. In total, 35 patients (30.4%) had no lymph node metastasis (pN0), whereas 80 patients (69.6%) were node positive. Clinico-pathological features are summarized in Table I .
Expression of Pontin, Reptin and Ki-67in colorectal cancer.
Immunohistochemical analysis of Pontin, Reptin was performed on 115 colorectal carcinomas, immunohistochemical analysis of Ki-67 was performed on 69 colorectal carcinomas (Fig. 1) . Positive expression of Pontin and Reptin was defined as a nuclear staining reaction in ≥10% of the tumor cells (27) . High expression of Ki-67 (above median) was a nuclear staining reaction in ≥30% of the tumor cells. We observed nuclear Pontin expression in 56 carcinomas (48.7%), and no nuclear Pontin expression in 59 carcinomas (51.3%). Positive expression of Reptin was found in 28 carcinomas (24.3%) and negative expression in 87 carcinomas (75.7%). We observed high nuclear Ki-67 expression in 38 carcinomas (55.1%), and low nuclear Ki-67 expression in 31 carcinomas (44.9%).
Relationship between Pontin, Reptin, Ki-67 and survival. In univariate Kaplan-Meier analyses, patients with Pontin-positive carcinomas showed no significant differences in recurrencefree survival (p= 0.109) and overall survival (P= 0.197); (Fig. 2) . Patients with Reptin-positive carcinomas showed no significant differences in recurrence-free survival (P=0.443) and overall survival (P= 0.477); (Fig. 3) . Patients with Ki-67-positive carcinomas showed no difference in recurrence-free survival (P=0.160) and overall survival (P=0.687). Relationship between Pontin, Reptin, Ki-67, adjuvant therapy and patient prognosis. Patients with Pontin-positive colorectal carcinomas and adjuvant therapy had a significantly worse recurrence-free survival (P= 0.008) and overall survival (P=0.011) than Pontin-negative patients with adjuvant therapy (Fig. 4) . There was no association between Reptin-positivity and recurrence-free survival (P= 0.089) or overall survival (P= 0.302) after adjuvant therapy. There was no association between Ki-67-positivity and overall survival after adjuvant therapy (P= 0.205). In UICC stage III, Pontin-positive colorectal carcinomas had a significantly worse recurrencefree survival (P= 0.028); the overall survival in UICC stage III was not significantly different (P=0.097); (Fig. 5) . There was no association between Reptin-positivity and Ki-67-positivity and overall-survival in UICC stage III (P=0.841 and P=0.824).
Discussion
Pontin and Reptin are involved in many cellular functions such as modulation of transcriptional activities of oncogenes, chromatin remodeling, and DNA damage repair that are highly relevant for carcinogenesis. There is abundant evidence based on in vitro experiments that they may play an important role in carcinogenesis. There is good evidence that Pontin is required for the oncogenic activity of c-myc and β-catenin (28, 29) . Still, data on Pontin or Reptin expression in human cancer is sparse.
We have investigated Pontin expression in a series of 34 colon cancer specimens and found it to be increased in more than 80% of the cases compared to normal mucosa. We detected a nuclear co-localization of Pontin together with β-catenin (27) .
In this study, we hypothesized that alterations in Pontin and Reptin expression may provide prognostic information on colorectal cancer patients, particularly with regard to the adjuvant therapy.
Since their main effects such as modulation of transcription, chromatin remodeling, DNA damage repair and regulation of cell proliferation are located in the cell nucleus, we focussed on the nuclear expression of Pontin and Reptin. Positivity was evaluated according to the nuclear expression of both proteins.
For Reptin, no associations to patient prognosis was detectable. There was no difference in recurrence-free survival or in overall survival for Pontin. But, in the subgroup of patients with adjuvant therapy, Pontin-positive patients had a significantly worse recurrence-free survival (P=0.008) and overall survival (P= 0.011). Furthermore, in nodal positive colorectal carcinomas (UICC stage III), Pontin-positive colorectal carcinomas had a significantly worse recurrence-free survival (P=0.028). Ki-67 expression was not associated to patient outcome in any parameter. Hence, Pontin overexpression in tumors is not just a sign of the enhanced mitosis rate in tumor cells. Taken together, Pontin expression may be a negative predictor for response to adjuvant therapy and a negative predictor for adverse outcome in advanced tumor stages in colorectal carcinoma.
This result corresponds to microarray data. An overexpression in gene expression analysis of Pontin and/or Reptin was shown in a variety of human solid tumors such as colorectal (30) , gastric (31), bladder (32) , and non-small cell lung cancer (33) . Furthermore, it was shown that Pontin mRNA is upregulated in human HCC 3.9-fold as compared to non-tumor liver (P= 0.0004). Pontin expression was a strong independent factor of poor prognosis in a multivariate analysis (22) .
However, Reptin was also overexpressed and associated to poor prognosis in HCC (34) . In the evaluation of Reptin expression in 34 patients with colorectal carcinoma, we could not detect any differences between carcinoma tissue and normal mucosa (27; and our unpublished data). The repression of TCF/LEF-1/β-catenin transcriptional activity followed by less activation of target genes of β-catenin signaling such as c-myc may play a role for the lack of overexpression in colorectal carcinoma (6, (10) (11) (12) .
From our study, however, we cannot draw any conclusions on the molecular mechanisms that are involved in the upregulation of Pontin expression. This either could be mediated at the transcriptional level or by post-translational mechanisms. Data from hepatocellular carcinomas show that Pontin and Reptin protein levels are strictly controlled by a post-translational mechanism involving proteasomal degradation of newly synthesized proteins. A tight regulatory interaction between Pontin and Reptin by post-translational mechanism was shown (22) .
It has to be further evaluated whether mutations in the Pontin gene can be detected in cancer cells and how these mutations may affect the function or stability of Pontin. Recently, two single nucleotide polymorphisms associated with an increased risk of ovarian cancer were identified in the Pontin gene (35) .
Collectively, we show for the first time that Pontin may be a negative predictor for survival in colorectal cancer patients. These results further substantiate many biochemical and cell biological observations indicating that Pontin has an important modulatory role in processes that may contribute to tumorigenesis.
The role of Pontin in carcinogenesis has to be defined more clearly in the future by further elucidating its molecular mechanisms.
